Abstract. The objective of the present study was to elucidate whether luteolytic prostaglandin F2α (PGF) plays roles in regulating the nitric oxide (NO) generating system in luteal endothelial cells (LECs). Reverse transcriptase PCR, immunoblotting and immunostaining revealed the presence of PGF receptor mRNA (521 bp) and protein (64 kDa) in cultured LECs obtained from the mid-stage corpus luteum. When cultured LECs were exposed to 0.1 μM-10 μM PGF, NO production was significantly stimulated by PGF at 24 h. When LECs were exposed to 1 μM PGF for 2, 6 and 24 h, PGF did not affect the expressions of endothelial NO synthase (eNOS) mRNA and protein. On the other hand, PGF stimulated the expression of inducible NOS (iNOS) mRNA (P<0.05) and protein (P<0.05) at 2 h, but not at 6 and 24 h. By observing the conversion of [ 3 C]L-arginine to [ 3 C]L-citrulline, we found that PGF stimulated NOS activity in cultured LECs at 2 h (P<0.05). The overall findings indicate that bovine LECs are a target for PGF and that PGF stimulates iNOS expression and NOS activity in bovine LECs. Stimulation of the NO generating system and NOS activity by PGF may result in increasing local NO production followed by luteolysis. Key words: eNOS, iNOS, Luteal endothelial cell, Nitric oxide, Prostaglandin F2α (PGF2α) (J. Reprod. Dev. 55: [418][419][420][421][422][423][424] 2009) he corpus luteum (CL) is a transient endocrine gland essential for regulation of ovarian cycles as well as for establishment and maintenance of pregnancy. If pregnancy does not occur, the bovine corpus luteum starts to regress between days 17-19 after ovulation [1] . Functional and structural regression of the CL in mammals is induced by the pulsatile release of prostaglandin F2α(PGF) from the uterus and the ovary [2] [3] [4] . Although regarded as a physiological luteolysin in the cow, the local mechanism involved in the luteolytic action of PGF remains unclear.
(J. Reprod. Dev. 55: [418] [419] [420] [421] [422] [423] [424] 2009) he corpus luteum (CL) is a transient endocrine gland essential for regulation of ovarian cycles as well as for establishment and maintenance of pregnancy. If pregnancy does not occur, the bovine corpus luteum starts to regress between days 17-19 after ovulation [1] . Functional and structural regression of the CL in mammals is induced by the pulsatile release of prostaglandin F2α(PGF) from the uterus and the ovary [2] [3] [4] . Although regarded as a physiological luteolysin in the cow, the local mechanism involved in the luteolytic action of PGF remains unclear.
The actions of PGF are mediated by the PGF receptor (FPr) located in the plasma membrane. Bovine luteal cell membranes have the ability to bind PGF throughout the estrous cycle [5, 6] . However, there is no consensus on the presence of FPr in the bovine luteal vasculature. Cavicchio et al. reported the absence of FPr mRNA in luteal endothelial cells (LECs) isolated from early pregnant cows [7] . More recent studies using endothelial cells (ECs) derived from cyclic bovine CLs have demonstrated that freshly isolated and cultured LECs express FPr mRNA [8, 9] . Furthermore, FPr has been immunohistologically demonstrated to be expressed in luteal tissue including steroidogenic cells and large blood vessels in the peripheral region of the mature CL [10] .
Directly treating pure populations of luteal steroidogenic cells with PGF does not inhibit basal progesterone (P4) production [11, 12] , although intramuscular injections of PGF analogues induce a rapid decrease in P4 production [13] . Similarly, a decrease in P4 release has been observed when bovine luteal cells (LCs) were exposed to PGF in the presence of endothelin-1 (EDN1) [14, 15] or co-cultured with LECs [16] , suggesting that LECs and some of their secretory products are crucial for the luteolytic action of PGF.
Since LECs compose more than 50% of the CL, they may be deeply involved in the regulation of luteal function. Recent studies have demonstrated that nitric oxide (NO) produced by LECs directly inhibited P4 secretion in bovine LCs [17, 18] and that NO plays a luteolytic role in the bovine [10, 17, [19] [20] [21] , rat [22] , rabbit [23] and human [24] , suggesting that endothelial NO mediates the luteolytic action of PGF [8] . However, how the NO generating system, including inducible NO synthase (iNOS) and endothelial NO synthase (eNOS) enzymes, is regulated in the bovine CL is not well understood.
NO synthase (NOS) activity has been determined in cytokineactivated macrophages [25] , the endothelium [26] , smooth muscle [27] , the ovarian stroma and follicular granulosa cells [28, 29] . In the rabbit CL during pseudopregnancy, NO has been shown to regulate P4 release in response to both luteolytic and luteotropic factors in vitro [30, 31] . The above findings suggest that the NO generating system has important implications in the physiology of the CL, including luteolysis.
To determine the physiological role of PGF in the CL during the luteolytic process in cows, we investigated the presence of functional FPr and examined the influence of PGF on the NO generating system by determining the dose-and time-dependence of PGF on NOS mRNA and protein expression in cultured bovine LECs. We also investigated whether PGF may modulate NOS activity in the same culture system. described [18] and recently validated in our laboratory [34] . Briefly, magnetic tosylactivated beads (Dynabeads M-450, 140.04; Dynal ASA, Oslo, Norway) were coated with 0.15 mg/ml lectin from Bandeiraea simplicifolia (BS-1; L2380; Sigma-Aldrich, St. Louis, MO, USA), which specifically binds the glycoproteins expressed by bovine ECs [18] .
A mixed population of LCs obtained after tissue dispersion and CL perfusion was suspended in PBS with 0.1% BSA (w/v), mixed with beads (5 beads for each endothelial cell) at a concentration of 4 × 10 8 beads/ml and incubated for 20 min at 4 C on a rocking platform. More than 80% of the cells in the cell suspension were LECs. The BS-1-positive cells were washed with PBS containing 0.1% BSA and concentrated using a magnet until the supernatant was free of BS-1-negative cells. The BS-1-positive cells were subsequently eluted by 0.1 M fucose (F2252; Sigma-Aldrich) solution in PBS.
LECs were seeded (1 × 10 4 cells/cm 2 ) in 75-cm 2 culture flasks (658175; Greiner Bio-One GmbH, Frickenhausen, Germany) precoated with 0.01% rat tail collagen for 2 h at room temperature. The cells were cultured in EC growth medium (MV 2; C22121; Promo Cell, Heidelberg, Germany). The MV 2 was diluted 1:9 in culture medium consisting of 1:1 DMEM/F-12 (D/F; D8900; Sigma-Aldrich) supplemented with 10% (v/v) calf serum (C6278; Sigma-Aldrich), 20 μg/ml gentamicin (15750-060; Invitrogen, Carlsbad, CA, USA) and 2 μg/ml amphotericin B (A9528; SigmaAldrich) until the cell cultures formed small colonies. The cells were cultured at 37 C in a humidified atmosphere of 5% CO2 in air. The medium was changed every 2 days. Only colonies with a homogeneous cell population were gently scraped off using an Eppendorf pipette tip, removed with a pipette and transferred into 15-ml conical tubes (188271; Greiner Bio-One). The selected cells were centrifuged with 10 ml D/F at 1,000 rpm and 4 C for 10 min. The cells were cultured in collagen-coated 25-cm 2 culture flasks (690175; Greiner Bio-One). The cultures and passages were repeated until a homogeneous population of pure ECs was obtained. The ECs isolated in this study were confirmed to have originated from bovine CLs by immunocytochemical staining for rabbit anti-human von Willebrand factor (factor-VIII, F3520; Sigma-Aldrich) and CD31 expression as previously reported [18, 34] .
The LECs were removed from the 25-cm 2 flasks after 5 min incubation with 0.02% trypsin (T4799; Sigma-Aldrich) solution and then cultured until the cell cultures reached confluence. For each passage, the cell suspension was split into three portions. One portion was seeded in 75-cm 2 culture (1 × 10 6 /ml) flasks for the next passage. A second portion was seeded in 75-cm 2 culture flasks for determination of protein expression or NOS activity. The third portion was seeded in 24-well plates (1 × 10 5 /ml; 662160; Greiner Bio-One) for determination of the dose-and time-dependent effect of PGF on NO production (nitrite/nitrate) and mRNA expression. After the cells reached confluence, the medium was replaced with fresh D/F supplemented with holo-transferrin (5 μg/ ml; T3400; Sigma-Aldrich), ascorbic acid (0.5 mM; Wako Pure Chemical Industries, Osaka, Japan), sodium selenite (5 ng/ml; S5261; Sigma-Aldrich), and BSA (0.1%; w/v). The cells were cultured with or without PGF (P7652; Sigma-Aldrich) for different time periods according to the protocol for each experiment.
Experiment 1: Expression of FPr in bovine LECs
Isolated LECs (1 × 10 4 cells) were seeded on silanized slides that were placed in petri dishes in culture medium. The cells were then incubated at 37 C in a humidified atmosphere of 5% CO2 in air until the cells reached confluence. The expressions of FPr mRNA and protein in LECs were confirmed by RT-PCR and Western immunoblotting analysis.
Experiment 2: Dose-dependent effects of PGF on nitrite and nitrate concentrations
The LECs were seeded into 24-well plates (1 × 10 5 /ml) in culture medium, and then incubated as described in experiment 1. After reaching confluence, the cells were incubated with PGF (0, 0.1, 1.0 and 10 μM) for 24 h (n=3). At the end of 24-h incubation, 500 μl of conditioned media was collected and immediately used for determination of nitrite and nitrate concentrations by the Griess method [35] . The DNA content, estimated by the spectrophotometric method of Labarca & Paigen [36] , was used to standardize the results.
In experiments 3-5, lipopolysaccharide (LPS: 1 μg/ml; L6529; Sigma-Aldrich), a strong iNOS inducer in nearly all cell types, was used as a positive control and to ensure that the cells were responsive to stimulants in the present culture system.
Experiment 3: Effects of PGF on iNOS and eNOS mRNA expressions
The isolated LECs were seeded at a concentration of 1 × 10 5 /ml into 24-well plates for determination of the mRNA expression in culture medium. After reaching confluence, the cells were incubated for 2, 6 and 24 h with or without PGF (1 μM) added to the culture media; 24-well plates were used for iNOS or eNOS mRNA expression.
Experiment 4: Effects of PGF on iNOS and eNOS protein expressions
The isolated LECs were seeded at a concentration of 1 × 10 6 /ml of culture medium into 75-cm 2 culture flasks for determination of protein expression. After reaching confluence, the cells were incubated for 2, 6 and 24 h with or without PGF (1 μM) added to the culture media. Culture flasks (75 cm 2 ) were used for analysis of iNOS or eNOS protein expression.
Experiment 5: Effects of PGF on NOS activity
The isolated LECs were seeded at a concentration of 1 × 10 6 /ml into 75-cm 2 culture flasks in culture medium. After reaching confluence, the cells were incubated for 2 h with or without PGF (1 μM) added to the culture media. The samples were then used for the analysis of NOS activity.
Immunocytochemistry for FPr
For immunocytochemistry, cells were grown on silanized slides (S3003; Dako, Glostrup, Denmark) and fixed with 100% methanol (21915-93; Nacalai Tesque, Kyoto, Japan) at 4 C for 10 min. The cells were blocked with 1% BSA/PBS (w/v), treated with a 1:250 dilution of anti-FPr (101802; Cayman Chemical, Ann Arbor, MI, USA) in 1% BSA/PBS for 3 h at room temperature and then incubated for 60 min with a 1:400 dilution of a fluorescent anti-rabbit IgG kit (FI1200; Vector Laboratories, Burlingame, CA, USA) in PBS. Between each step, the slides were washed three times for 10 min each with PBS. The slides were mounted in Vectashield (H1200; Vector Laboratories) and examined by fluorescence microscopy with an Olympus DP50 microscope.
Determination of nitric oxide
Concentrations of nitrite/nitrate, the stable metabolites of NO, in culture media were measured by a colorimetric method using the Griess reaction [35] and validated for culture media [37] . The assay sensitivity was 0.07 μg/ml, the standard curve ranged from 0.05 μg/ml to 6.9 μg/ml and the interassay coefficients of variation were on average 8.3 and 13.4% respectively.
Semi-quantitative RT-PCR
Total RNA was prepared from the LECs using Trizol Reagent according to the manufacturer's directions. One microgram of each sample of total RNA was reverse transcribed using a SuperScript First-Strand Synthesis System for RT-PCR (11904-018; Invitrogen), and the reaction mixture was used in each PCR together with the appropriate oligonucleotide primer pairs. The primers for FPr, iNOS, eNOS and beta-actin (ACTB) were designed and characterized as described previously (Table 1 ). The PCRs were carried out using TaKaRa Taq (R001A; Takara Bio, Shiga, Japan) and a thermal cycler (iCycler; Bio-Rad Laboratories, Hercules, CA, USA). PCR was performed under the following conditions: 95 C for 15 min followed by 31 cycles of 94 C for 15 sec, 55 C for 20 sec and 72 C for 15 sec. , anti-rabbit Ig, HRP-conjugated whole antibody produced in donkey, NA934; GE Healthcare) for 1 h and washed three times in TBS for 10 min at room temperature. Signals were detected using an ECL Western blotting detection system (RPN2109; GE Healthcare). The intensity of the immunological reaction in the cells was estimated by measuring the OD in a defined area by computerized densitometry using NIH Image (National Institutes of Health).
Expression of FPr, iNOS and eNOS protein

NOS activity assay
NOS activity was determined in the LECs at the end of a 2-h incubation period, by monitoring the conversion of [ 3 H]Lcitrulline using an NOS Detect Assay Kit (Alexis, Lavsen, Switzerland), according to the manufacturer's directions and as previously reported by Boiti et al. [30] . Data on NOS activity was normalized based on protein concentrations.
Statistical analysis
Data are shown as the mean ± SEM of values obtained in three to five separate experiments, each performed in triplicate. Statistical significances of differences in the amounts of iNOS and eNOS 
Results
LECs isolated from bovine CLs at the mid-luteal stage reached confluence 5-7 days after culture. Identification of endothelial origin was confirmed by factor VIII immunostaining (data not shown). These cells were used for experiments 1-5.
Experiment 1: FPr in the bovine LEC
Cultured bovine LECs expressed FPr mRNA (Fig. 1A) as well as protein (Fig. 1B) . FPr mRNA was expressed as a 521-bp band in cultured LECs and in steroidogenic cells used as a positive control. FPr protein was expressed as a 64-kDa band in bovine LECs and in steroidogenic cells used as a positive control (Fig. 1B) . Expression of FPr protein in LECs was confirmed by immunocytochemical staining (Fig. 1C) . No fluorescence was detected in the absence of a primary antibody (Fig. 1D ).
Experiment 2: Dose-dependent effect of PGF on nitrite and nitrate concentrations
PGF increased NO (nitrite and nitrate) concentrations in the medium of cultured LECs in a dose-dependent manner at 24 h ( Fig.   2 ; P<0.05). A PGF concentration of 1 μM was found to significantly increase the concentrations of nitrite and nitrate in the medium. Therefore, a concentration of 1 μM was used to examine the effects of PGF on NOS expression and its activity.
Experiment 3: Time-dependent effects of PGF on iNOS and eNOS mRNA expressions
PGF treatment did not affect the expression of eNOS mRNA at 2, 6 and 24 h (Fig. 3A) . On the other hand, PGF stimulated the expression of iNOS mRNA at 2 h ( Fig. 3B; P<0 .05), but not at 6 and 24 h. As a positive control, exposure of LECs to LPS stimulated the expression of iNOS mRNA ( Fig. 3b; P<0 .05), but did not affect the amounts of eNOS mRNA compared with those of the controls (Fig. 3a) .
Experiment 4: Time-dependent effects of PGF on iNOS and eNOS protein expressions
PGF treatment did not affect the expression of eNOS protein at 2, 6 and 24 h (Fig. 4A) . On the other hand, PGF stimulated the expression of iNOS protein at 2 h ( Fig. 4B; P<0.05) , but not at 6 and 24 h. As a positive control, exposure of LECs to LPS stimulated iNOS protein expression ( Fig. 4b; P<0.05 ), but not eNOS protein expression compared with those of the controls (Fig. 4a ).
Experiment 5: Effect of PGF on NOS activity
PGF, as well as LPS, stimulated NOS activity at 2 h ( Fig. 5 ; P<0.05). 
Discussion
The present study demonstrates the presence of functional FPr in cultured bovine LECs. In addition, a 2-h exposure of LECs to PGF increased iNOS mRNA and protein expression, but not eNOS expression. Moreover, PGF treatment increased NOS activity.
These results suggest that PGF has a physiological role in regulating the NO generating system by inducing an acute increase of iNOS expression and NOS activity in the bovine CL.
The present results agree with those of Meidan et al. [8] , who reported that LECs express FPr mRNA. Although FPr mRNA has been demonstrated to be expressed in cultured LECs isolated from the CLs of cycling pigs [39] and cows [9] , some studies have reported the absence of FPr in bovine LECs isolated from pregnant CLs [7, 40] . The differences observed in FPr mRNA expression may be due to differences in the physiological stages of the CL, culture systems, types of LEC or immunostaining techniques as described previously. FPr protein has recently been identified on cultured porcine LECs [39] . However, the presence of functional FPr in LECs isolated from bovine CLs has not been reported. Since not only FPr mRNA but also protein have clearly been confirmed in the cultured LECs isolated in the present study, the LECs were used further to evaluate the effect of PGF on LECs. An in vitro study has previously demonstrated the expression of iNOS mRNA in bovine LECs isolated from the mid-CL and bovine aorta EC [18] . In vivo studies in rabbits [23] and rats [41] have demonstrated that injection of a luteolytic dose of PGF stimulates iNOS expression in the CL within a few hours. The plasma nitrite/ nitrate concentration has been shown to increase during the first 2 h after injection of a luteolytic dose of PGF analogue in cows [20] . Furthermore, because abundant NOS enzymes have been found in ECs [42] , the endothelium is recognized to be one of the main sources of NO. The above findings together with those of the present study suggest that PGF acts on LECs in the bovine CL and that the acute increase of NO production induced by PGF treatment in vivo [20] is mainly due to activation of luteal NO/NOS system. PGF is regarded as a physiological luteolysin in the cow [2, 43] . Although administration of PGF during the mid-luteal phase drastically reduces the plasma P4 concentration and volume of the CL, direct exposure of the bovine CL to PGF does not decrease P4 secretion [44] . Thus, it seems that P4 is not directly regulated by PGF, but is mediated by other substances locally produced in the bovine CL. The NO mainly produced by LECs has been suggested to mediate PGF action during luteolysis [45] . In the present study, PGF stimulated the expression of iNOS and NOS activity in cultured bovine LECs followed by a rapid increase in NO production. The above findings suggest that PGF-induced expression of iNOS in LECs is one of the earliest physiological events to occur during luteolysis in cattle.
In the present study, PGF did not affect the expressions of eNOS mRNA and protein in LECs. Although PGF acutely stimulates the expressions of eNOS mRNA and protein in the mature CLs of cows [10] , PGF does not affect the expression of eNOS mRNA in bovine aortic ECs cultured alone [46] . However, PGF stimulates eNOS expression in a co-culture system of ECs, smooth muscle cells and fully-luteinized granulosa cells [46] . These findings suggest that the interaction of ECs with LCs enhances the capability of ECs to produce eNOS in response to PGF. Indeed, an in vivo experiment showed that PGF stimulates eNOS mRNA and protein expressions in the luteal tissue of the cow [10] , sheep [47] and rabbit [23] . Recently, iNOS expression has been found to be reduced in eNOS knockout mice [48] , suggesting that there is an important interaction between eNOS and iNOS expression. Since the results of the present study shown a direct effect of PGF on iNOS, but not on eNOS expression, a basal level of eNOS expression may be necessary for increasing iNOS expression in response to PGF.
PGF inhibits P4 secretion in co-culture of ECs and large LCs, but not in culture of large luteal cells alone or in co-culture of ECs and small LCs [16] . Since NO has been demonstrated to inhibit P4 secretion directly in bovine LCs [17] , the NO produced by LECs seems to be deeply involved in the luteolytic mechanisms of cows. The present results also demonstrated that PGF stimulates NOS activity in cultured LECs. Thus, we assume that PGF enhances NO production by increasing not only iNOS expression but also NOS activity.
In conclusion, we have demonstrated that PGF acts directly on LECs via functional FPr and stimulates iNOS expression and NOS activity in bovine LECs in vitro. Stimulation of the NO generating system and NOS activity by PGF may result in increasing local NO production followed by luteolysis. 
